Abstract. Urmia Lake, the world second largest hypersaline lake, has been largely desiccated over the last two decades resulting in socio-environmental consequences similar or even larger than the Aral Sea disaster. To rescue the lake a new water management plan has been proposed, a rapid 40% decline in irrigation water use replacing a former plan which intended to develop reservoirs and irrigation. However, none of these water management plans, which have large socio-economic impacts, have been assessed under future changes in climate and water availability. By adapting a method of environmental flow requirements (EFRs) for hypersaline lakes, we estimated annually 3.7•10 9 m 3 water is needed to preserve Urmia Lake. Then, the Variable Infiltration Capacity (VIC) hydrological model was forced with bias-corrected climate model outputs for both the lowest (RCP2.6) and highest (RCP8.5) greenhouse-gas concentration scenarios to estimate future water availability and impacts of water management strategies. Results showed a 10% decline in future water availability in the basin under RCP2.6 and 27% under RCP8.5. Our results showed that if future climate change is highly limited (RCP2.6) inflow can be just enough to meet the EFRs by implementing the reduction irrigation plan. However, under more rapid climate change scenario (RCP8.5) reducing irrigation water use will not be enough to save the lake and more drastic measures are needed. Our results showed that future water management plans are not robust under climate change in this region. Therefore, an integrated approach of future land-water use planning and climate change adaptation is therefore needed to improve future water security and to reduce the desiccating of this hypersaline lake.
Introduction
To supply food and energy for growing populations, humans have developed reservoirs and extract water for irrigation (Biemans et al. 2011) . Furthermore, climate change has a significant impact on the natural hydrological cycle and amplifies water scarcity in (semi)-arid regions (Haddeland et al. 2014) . Consequently, managing water for a growing population without harming natural resources is becoming a serious challenge. In this paper, we assess this challenge in Urmia basin, where the second largest permanent hypersaline lake in the world is drying up (Karbassi et al. 2010 ).
Urmia Lake, in north-western Iran, is an important internationally recognized natural area designated as a RAMSAR site and UNESCO Biosphere Reserve (Eimanifar and Mohebbi 2007) . It is a home to many species of reptiles, amphibians and mammals along with a unique brine shrimp species (Asem et al. 2012 ). Urmia Basin supports a variety of agricultural production systems and activities as well as livestock. The basin is located in a politically tensed region bordering both Iraq and Turkey. It is linguistically and culturally diverse area dominated by two ethnic groups, Azeri Turks and Kurdish (Henareh et al. 2014) .
Over the last 40 years, the water level and surface area of Urmia lake have declined (Rokni et al. 2015) by 80% (AghaKouchak et al. 2015) . As a result, the salinity of the lake has sharply increased which is disturbing the ecosystems, local agriculture and livelihoods, regional health, as well as tourism. (UNEP 2012) . Several studies have warned that the future of lake Urmia could become similar to the Aral Sea, which has dried up over the past several decades and severely affected the surrounding people with windblown salt storms (Torabian 2015) . The population around Urmia Lake, however, is much denser compared to the Aral Sea and many more people are at risk (UNEP 2012) . Local reports have indicated that thousands of people around the lake have already abandoned the area (RadioFarda 2014). It has been estimated that 75 million people living within 500 km 2 of the Lake location, are at risk (Torabian 2015) , which could amplify economic, political and ethnic tensions in this already volatile region (Henareh et al. 2014 ).
Previous studies have indicated that the lake desiccation is probably caused by a combination of human activities and climate change (AghaKouchak et al. 2015 , Fathian et al. 2014 , Hamzekhani et al. 2015 , Hassanzadeh 2010 , Jalili et al. 2015 . The area of the agricultural lands has more than tripled over the last 40 years supported by a considerable number of reservoirs and a large irrigation network (Iran Ministry of Energy 2014). There has also been a significant decrease in precipitation and an increasing trend in average maximum temperature during the same period (Delju et al. 2013 , Fathian et al. 2014 . This has caused the most extreme droughts in the basin over the last few decades during the mid-1990s (Tabari et al. 2013) . These trends have affected the inflow into the lake (Fathian et al. 2014 ) which has been recognized as the main reason of the lake shrinkage (Hassanzadeh et al. 2012) . Some studies have estimated how much water is needed to restore (Golabian 2011) and protect the ecology, water quality and quantity of the lake (Abbaspour and Nazaridoust 2007) . However, they have not included the important role of climate change which is likely to reduce the precipitation and run-off in both near-term (Kirtman 2013 ) and long-term future (Collins 2013 ).
To secure enough food and income for a growing population in the basin, the initial government water resources plan intended to increase the irrigated area by 25% supported by additional dams and reservoirs. More recently, a new plan has been proposed aiming to restore and preserve Urmia Lake. This plan proposes to stop all reservoir developments and reduces irrigation water allocation by 40%. However, it is still unclear if the water use reduction plan, which is about to start and has large socioeconomic impacts, is able to restore and preserve the lake under future climate change.
The main objective of this study was to assess the impacts of future water resources management plans under climate change on the water inflow into Urmia Lake during the 21 st century. To address this objective we first developed a method to estimate the annual and monthly environmental flow requirement (EFRs) to preserve vulnerable hypersaline lake ecosystems especially in a lack of precise ecological data. By applying the method, we quantified how much water is needed to preserve Urmia Hypersaline Lake. Then, we developed future projections of total inflow into the lake, using the Variable Infiltration Capacity (VIC) hydrological model (Liang et al. 1994) , including an irrigation and reservoir module (Haddeland 2006 . The model was forced with statistically bias-corrected General Circulation Models (GCMs) outputs from a low and high representative concentration pathways (RCPs) (Moss et al. 2010) . In addition, to study the impact of the water resources plans on the future inflow, the two proposed plans plus the current, and the naturalized (without any irrigation and reservoirs) situations were applied in the model. The simulated inflow was compared with the annual and monthly estimated EFRs to assess the possibilities of Urmia lake restoration and preservation under different climate change and anthropogenic scenarios.
Study area
Urmia Lake is formed in a natural depression at the lowest point within the closed Urmia basin. The area of the lake has reduced from ~6100 km² in 1995 to ~1500 km 2 in 2014 (figure 1) followed by more than 7m decline in the water level (Supplementary information S1). The lake is relatively shallow (maximum depth 16 m) and thus vulnerable to evaporation (Meijer et al. 2012 ). There are 17 permanent rivers and 12 seasonal rivers which terminate at Urmia Lake. The average inflow into the lake has declined from around 12,000 to 2,400•10 6 m 3 over the last four decades (Hamzekhani et al. 2015) . The mean annual precipitation is 341 mm year -1 which has decreased by 9.2% over the last 40 years (Delju et al. 2013) . 
Materials and methods
The methodological framework for this study is shown in figure 2. Future scenarios for daily flow into the lake were calculated using the VIC hydrological model forced by bias-corrected outputs from five GCMs, using the representative concentration pathway (RCP) 2.6, lowest; (Van Vuuren et al. 2011) and 8.5, highest; (Riahi et al. 2011 (Riahi et al. ), for 2010 (Riahi et al. -2099 (Riahi et al. and for 1971 (Riahi et al. -2000 in combination with four different anthropogenic scenarios (40 simulations). Historical naturalized inflow from the control period was used to estimate annual and monthly environmental flow requirements (EFRs). To assess the significant impact of water resources plans and the climate change impact, the paired two-tailed Student's t-test was used, P values of < 0.05 were considered significant. 
Hydrological model
The VIC model is a grid-based soil-vegetation-atmosphere transfer schemes model (Liang et al. 1994 , Nijssen et al. 1997 , Nijssen et al. 2001b ). The input data are daily precipitation, maximum and minimum temperature and wind speed. Each grid cell is divided into multiple vegetation types and into multiple soil layers. Evapotranspiration is calculated using the Penman-Monteith equation. The simulated surface streamflow and baseflow, combined referred as inflow in this paper, are routed from each grid cell to the basin as described by Lohmann et al. (Lohmann et al. 1998a , Lohmann et al. 1998b ). The VIC model, like most land surface models, does not consider deep groundwater withdrawals (Haddeland et al. 2007 ), which therefore are not taken into account in this study. The model has been widely used for streamflow studies globally (Nijssen et al. 2001a , Vliet et al. 2013 and for major river basins, as well as for other basins of the world like Europe, the US, and China (Hurkmans et al. 2008 , Vliet et al. 2012 , Wu et al. 2007 , Xie et al. 2007 ). The results of these studies have shown that the model has been able to reproduce the water cycle well. 
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Haddeland et al. (2006) added reservoirs and irrigation schemes to the VIC model. Therefore, the model simulates irrigation water use, based on the calculated soil moisture deficit. The crop evapotranspiration is first calculated within the grid cells based on FAO's guideline (Allen et al. 1998) . The grid cells are divided into an irrigated and a non-irrigated area. In the model, irrigation is initiated if soil moisture falls below the transpiration level. To calculate irrigated water demand, an initial model run is performed assuming irrigation water is freely available (free irrigation run). Then, another simulation run is performed where irrigation is limited by water available from the first local river runoff, and, if no runoff water is available, water is extracted from reservoirs . The reservoir scheme calculates optimal release based on simulated reservoir inflow, storage capacity, reservoir evaporation, and downstream water demands. The optimal released calculated based on the SCEM-UA algorithm (Vrugt et al. 2003) . The model was able to simulate well the main hydrologic impacts of reservoir operations and irrigation water withdrawals on streamflow in different parts of the world (Haddeland et al. 2014 ). Shadkam et al. (under revision) calibrated the VIC model in a manual, systematic way as described by Xie et al. (2007b) , using seven runoff-related model parameters, including the infiltration parameter, and the three soil-layer thicknesses for Urmia basin. They adjusted the model for the Urmia basin by including local information on the elevation, soil, irrigation and reservoir characteristics. They performed a calibration of the model for the basin by dividing the basin to six sub-basins. Results showed that despite the basin's complex topography and semi-arid climate, the VIC-reservoir and irrigation model was able to simulate the streamflow realistically for the all sub-basins (Supplementary information 3).
Environmental flow requirements (EFRs)
Hypersaline lakes, mostly located in semi-arid area, provide a fragile environment which requirements more protection to avoid the extinction of highly adapted species, in dry months in particular (Hammer 1986 , Williams 2002 . Considering that, we selected the Variable Monthly Flow (VMF) method developed by Pastor et al. (2014) which uses algorithms to classify the flow regime into high, intermediate, and low-flow months and takes intra-annual variability into account by allocating EFRs with a percentage of mean monthly flow (MMF). The method increases the protection of river ecosystems during the low-flow season allocating 60% of the MMF to 30% of MMF during the highflow season. The VMF method showed a better performance compared with other three widely used hydrological methods; Tennant et al. (1976) , Smakhtin et al. (2004) and Tessmann (1980) , to estimate EFRs for semi-arid river basins around the globe including one of the main river in Urmia basin, Shahr-Chai River (Pastor et al. 2014) . However, the VMF method was designed to achieve a "fair" ecological status for river flows which does not take into account the high vulnerabilities of hypersaline lakes. Smakhtin et al. (2006) , suggested a threshold of one standard deviation (SD) from the mean value of used variable in EFRs estimation for setting environmental flow targets in order to achieve high ecological protection of critical water resources, especially in the absence of other supporting ecological information. Therefore, we adapted the VMF method and increase the EFRs during all months by one SD of the MMF. For Urmia Lake, the MMF was calculated based on monthly average naturalized inflow for 1971-1990; a time period when the size of the lake was relatively stable (Supplementary information S1). Based on this we estimated hypersaline lakes EFRs for different months of the year based on the flow regime according to the equations below: 
Anthropogenic scenarios
In addition to using naturalized flow ('naturalized'), the first scenario, and a continuation of the current water management ('current_irrig/res'), the second scenario, we applied two additional anthropogenic scenarios based on two recent official water management plans. Therefore, the third scenario assumes an expansion of the dams and reservoirs ('expansion_irrig/res') to increase irrigation and food production. The expansion_irrig/res scenario is based on the initial government's plan to develop reservoirs and irrigation in the basin. In this plan, there are around 68 dams and reservoirs in construction or in design phases. The proposed projects that are in a construction phase regulate 1212·10 6 m 3 water and those which are in a design phase regulate 657·10 6 m 3 water. Therefore, total volume of the reservoir will become 3869·10 6 m 3 in nearly 20 years (Supplementary Information S2). This will support an additional 130,000 ha. of irrigated land (25% increase). The reservoirs characteristics including height, storage capacity, operating purpose, irrigating area and surface area, were added to the reservoirs scheme of the model. Furthermore, the irrigated lands characteristics including percentage irrgated area, crop characteristics for each cell, and the cropping calendar added to the irrigation scheme (Iran Ministry of Energy 2014). The forth scenario aims at restoring the lake and reduces future irrigation ('reduction_irrig'). In April 2014, the steering committee of the Lake Urmia restoration programme announced the approval of a new water resources management plan. In the new plan all reservoirs and irrigation development will be stopped. In addition, the state will buy 40% of irrigation water rights and allocate it to the lake (Lake Urmia restoration programme 2014). As it is not clear yet how the plan will be implemented in the basin we evenly decreased 40% of each irrigated cell from the current situation in order to simulate the reduction_irrig scenario.
Climate change scenarios
Bias-corrected daily climate model output as developed within the Inter-Sectoral Impact Model Intercomparison Project (Hempel et al. 2013 , ISI-MIP , Warszawski et al. 2014 ) were used to force the model. Data from five GCMs; (MIROC-ESM-CHEM, IPSL-CM5A-LR, HadGEM2-ES, NorESM1-M and GFDL-ESM2M) were selected based on availability (Taylor et al. 2012) . To cover the whole range of future greenhouse gas emissions we selected the highest (8.5) (Riahi et al. 2011 ) and the lowest (2.6) (Van Vuuren et al. 2011) RCPs. As GCMs output differs significantly from observations, biascorrected of GCMs output was used to force the VIC hydrological model. Bias-corrections of daily temperature, precipitation, and wind speed were done using quantile mapping (Piani et al. 2010) . GCMs projections were simultaneously re-gridded to the 0.5°×0.5° grid of the Climatic Research Unit of the University of East Anglia (CRU) and bias-corrected to the reference data set of WATCH Forcing Data (WFD) (Weedon 2011) for the period 1960-1999.
Results
Evaluation of control simulation of river discharge
Simulated inflows for control period 1971-2000 of five GCMs were compared with those based on the historical WFD also with observed values to evaluate the overall performance of the VIC-irrigation and reservoir model (figure 3). Boxplots for simulated mean annual inflows based on the five GCMs corresponded well with boxplots of the observed values (figure 3). However, the median values are slightly overestimated for MIROC and GFDL and underestimated for HadGEM2 and IPSL compared to observations. The median results derived from NorESM1 were quite similar as the observed inflow. Furthermore, the boxplots of simulated discharge for all GCMs correspond closely with the boxplots for WFD, which indicates that there is no distinct impacts of biases in GCMs output on the control inflow simulation. 
Climate change impacts
Simulations results showed that climate change is reducing the inflows into the lake during the high flow season, especially in April and June (Figure 4) . This is the case for both RCP2.6 and 8.5. However, the decrease in inflow is much higher under RCP 8.5. By mid-century (2040-2069) the mean and peak of the annual cycle of projected naturalized inflow under RCP2.6 is reduced by 10% and 15%, respectively. These values are 27% and 38% for RCP8.5, respectively. In winter (low flow season) the inflow will slightly increase. In addition, the mean annual cycles show two weeks delay in the peak flow for RCP2.6 and one week for RCP8.5. Figure 5 shows that the mean annual naturalized inflow into the lake will be reduced by 13% for RCP2.6 and 37% for RCP8.5 by the end of the century. Unlike RCP2.6, the reduction in naturalized inflow under RCP8.5 will be significant in early, mid and late century compared to the historical inflow. 
Impacts of future anthropogenic scenarios
The results from the control period showed that the reduction_irrig scenario would have resulted in a 13% increase in inflow compared to current-irrig/res scenario. While, the expansion_irrig/res scenario would have decreased the inflow by 10% compared to the currentirrig/res scenario ( Figure 5 ). The results for future climatic conditions showed that the expansion_irrig/res will have a considerable impact on the inflow reduction in the coming century. By the end of century, the expansion_irrig/res scenario will cause a significant decline in the thirty years mean inflow compared to current_irrig/res by 10% under RCP 2.6 and 12% under RCP8.5. On the other hand, the reduction_irrig scenario will increase the inflow in next century compared to other water use scenarios. Under RCP2.6, the reducing irrigation scenario will increase significantly the thirty years mean inflow compared to the current_irrig/res by 11% by the end of century. For RCP8.5 this value is 10%. The reduction_irrig scenario will have a significant impact on inflow under RCP2.6 and not under Rep8.5; while expation_irrig/res will have a significant impact in both RCPs. The uncertainty range increases over time for both RCPs. 
Fulfilling environmental flow requirements (EFRs)
The estimated annual and monthly EFRs based on the adopted VMF method are presented in Figure 6 . The calculated annual EFRs estimated to be around 3.7•10 9 m 3 . Simulation results indicated that for the control period the EFRs would have met for all scenarios except expation_irrig/res. Under RCP2.6, the naturalized and the reduction-irrig scenarios inflows on average resulted in sufficient flows to sustain EFRs. However, this was not the case for current_irrig/res and expansion_irrig/res scenarios where the deficit will be around 15%, 24% by end-century, respectively. Under RCP8.5, all water use scenarios will result in inflow well below the EFRs in the whole century. The deficit would be 23%, 33%, 39% and 47% for naturalized, reduction_irrig, current_irrig/res and expansion_irrig/res scenarios by the end of century, respectively. Figure 6 shows the monthly predicted EFR deficit for the lake for mid-century . Regardless the climate and water management scenarios, the lake will be in the highest deficit from April to June. From July to November the lake will meet the EFRs, but small inflow deficits are projected for December-March. Overall, the EFR deficits are stronger for RCP8.5 than 2.6. 
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Discussion
Urmia Lake, the world second largest hypersaline lake and a highly vulnerable ecosystem has been desiccated over the last two decades resulting in severe socio-environmental consequences. To assess whether future water resources management plans allocate enough water to preserve the lake ecosystem, we first needed to define minimum environmental flow requirements (EFRs) for this hypersaline lake. The selection of EFRs method is a crucial step in the methodology of this article. Most ecological flow methods focus on the vulnerability of the lake, but ignore the extra protection during dry months. It may cause underestimations in the result. By selecting a hydrological approach and classifying flow regimes, we were able to increase the protection for low-flow months by allocating more flow. We estimated the annual EFRs to be about 3.7•10 9 m 3 which is higher than a previous study by Abbaspour and Nazaridoust (2007) who estimated ecological EFRs to be 3.08•10 9 m 3 . Their EFR estimation was based on calculating inflow applying the difference between the lake evaporation and precipitation (E-P) on their estimated ecological lake surface (4.6•10 9 m 2 ). However, recent observations indicated that the lake (E-P) have increased in the last few years (Lake Urmia restoration programme 2014) which will increase their environmental flow estimations. In addition, we allocated higher flows for EFRs for dry months to increase the protection of the lake, which can also be the reason of higher estimation of EFRs in this study.
Our results from the control period indicated that without climate change, the inflow would have been sufficient to meet the lake EFRs for all water resources scenarios. Salt lakes, hypersaline lakes in particular, are so sensitive to any minor changes in any component of their hydrological budgets, especially evaporation (Williams 2002) . Therefore, it is not surprising that the lake responses quickly to any changes in climate. The historical studies about Urmia lake also highlighted the substantial role of climate change in the lake desiccation (Fathian et al. 2014 , Hassanzadeh 2010 ).
The results clearly showed the significant impact of climate change on annual inflow to the lake under RCP8.5. This impact is not significant under RCP2.6 (figure 5). These results are consistent with the IPCC report which showed a decline in runoff for this region for both near-term (Kirtman 2013 ) and long-term future (Collins 2013 ) under the rapid greenhouse-gas concentration scenarios. However, under both RCPs climate change will reduce the water availability in the basin especially in the wet season. This is an important result as the basin already has a serious challenge to secure water availability. IPCC also reported a projected decline in future precipitation for the same period (March till August) for this region (Kirtman 2013) . Our results also showed that the peak river flow will be shifted to later in the year which could be caused by a longer period of snow melt.
Our results indicated that if future climate change is limited due to rapid mitigation measures (RCP2.6) inflow can just meet the EFRs for the limited irrigation management plan. In this case implementing the limited irrigation plan should be the first priority. However, this is not the case for the high/rapid concentration scenario also other water resources plans. Under more rapid climate change scenarios (RCP8.5) limited irrigation might be effective in short-term, but would be insufficient in the long-term, so more drastic measures are needed. In general, the impacts of different water resources strategies were more visible under the low concentration scenario (RCP2.6) than under the high concentration scenario (RCP8.5), showing that the dominate impact of climate change in this scenario.
The models result could be affected by different uncertainties. First of all due to significant biases in forcing data simulated by GCMs, we used bias corrected data as input to the VIC model. The statistics for simulated discharge for the control simulations of the GCMs generally correspond well with the simulations based on the WFD dataset and observed values (figure 3). This shows that the bias correction method was successful in eliminating the main bias. Haddeland et al. (2014) used the same data set of bias-corrected GCMs output to force the same model (VIC-irrigation and reservoir model) and their results correspond well with the control period. To include uncertainties in future climate forcing data in particularly regarding future precipitation, we used five different GCMs. Although the models differed in the projected changes most models indicated a clear drying trend. However, the use of a larger number of GCMs outputs would better represent the structural uncertainty in climate models (Tebaldi and Knutti 2007) .
Secondly, the spatial resolution of the simulation could make some uncertainties in the simulation. Nevertheless, the VIC model was able to simulate the observed streamflow realistically (figure 3). It was not possible to develop a forcing data set at finer resolution for all required forcing variables (precipitation, minimum and maximum temperature and wind speed) due to limited availability of observations. However, Shadkam et al. (under revision) included more detailed local information of elevation, soil, land use, irrigation patterns and reservoirs of Urmai's basin during calibration and improved the quality of simulated total nflow which showed a good match with the observed values.
In addition, we focused our simulation on the use of surface water although a part of the irrigated water use in the basin originates from groundwater. Model simulations did not explicitly include groundwater and this could affect our results. However, the simulated streamflow in VIC model is the result of water balance calculations on land surfaces, which includes the shallow rechargeable groundwater through base flow. Therefore, withdrawal from the shallow groundwater below the recharge rate is implicitly included in the simulations. Nevertheless, this does not apply to deep nonrenewable groundwater; hence the simulated availability of water might be slightly underestimated in the simulation (Hanasaki et al. 2008) . However, recently, water withdrawn from deep groundwater has been banned in Urmia and this uncertainty is therefore probably small for future simulations.
Conclusions and future outlook
In this study we assessed how water resources plans can fulfil Urmia lake inflow requirements under different climate change scenarios. The results showed that the water resources plans are not robust to strong changes in climate. In other words, if future climate change is limited due to rapid mitigation measures (RCP2.6) the new strategy, reduction of irrigation water use, can help to preserve the lake. However, it is not the case for higher climate scenario. Therefore, regarding a drier future and increasing water demand in the region, an urgent action in both regional (to limit anthropogenic impact) and global scale (to limit greenhouse-gas concentration) is needed to save the lake. As RCP2.6 is a relatively optimistic scenario, we recommend investing in other adaptation options to increase the inflow to lake. Examples of adaptation measures could be interbasin water transfer, reducing irrigation water requirement by changing crop patterns and using wastewater for irrigation (Lake Urmia restoration programme 2014). In addition, the highest EFRs deficit will be from April to June. Therefore an integrated water management plan, emphasizing seasonal water management, could play a role to sustain the lake. Another option can be to restore the lake partially by reducing the surface area of the lake (and reduce evaporation loss) until more water will become available (UNDP 2014). The plan should be tailored to the various stages of climate change impacts and water availability conditions and should include balancing demands for irrigation, ecosystem preservation, social and human impacts as well as operating within the national and regional political realities. Furthermore, since already 80% of the lake has been desiccated, it is possible that lake will dry up completely in case of rapid global warming. Therefore it is recommended to assess also an adaptation plan in case of drying the lake completely in near future. The results of this study highlight the need for most attention for desiccating saline and hypersaline waterbodies, as one the most earth's vulnerable ecosystem, under future development and climate change.
